The two major contractile proteins, actin and myosin, are not only responsible for the contraction of skeletal, cardiac, and smooth muscles, but they also play an important role in the movement and changes in shape of vertebrate nonmuscle cells, such as leukocytes, liver cells, and platelets (1, 2). Practically all eukaryotic cells contain the two major contractile proteins actin and myosin. Understanding how these contractile proteins are regulated is important not only for insight into how the heart and skeletal muscles work, but also for understanding the role of smooth muscle cells in processes such as blood pressure and flow, food propulsion, airway constriction, and uterine contraction. In addition, the contractile proteins appear to play a part in controlling basic cellular functions, such as cell migration, cytokinesis, phagocytosis, and secretion. The ubiquity of actin and myosin and their role in regulating cellular functions make them of particular interest to a wide body of scientists trying to understand the basic physiology as well as the clinical pathology of muscle and nonmuscle cells.
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Contractile proteins function by forming filaments. The filaments formed by actin are composed of two linear polyniers of a globular protein (42,000 mol wt), wrapped in the form of a helix. These filaments are unipolar and are attached to the cell membrane in nonmuscle cells, dense bodies in smooth muscle cells, and to the well-defined Z line structure in skeletal and cardiac muscle. Because of their size relative to myosin filaments they are referred to as "thin" filaments in muscle cells. Myosin filaments are bipolar and composed of large molecules (460,000 mol wt), which are markedly asymmetric. play the major role in regulating the actin-activated Mg ATPase activity of myosin. Contraction of skeletal and cardiac muscle is initiated when the calcium concentration inside these cells increases from 10-7 to 10-M. Calcium then binds to one component of the troponin complex, troponin C, and this initiates a series of conformational changes allowing for the contraction of the actin and myosin filaments. In the test tube this interaction between actin and myosin is measured as an increase in the rate of ATP hydrolysis (5) .
Regulation of phosphorylation. Although smooth muscle and nonmuscle vertebrate cells contain actin, myosin, and tropomyosin, they do not contain troponin. In these cells the major form of regulation appears to directly involve the myosin molecule rather than a complex of proteins residing on the actin filament. Myosin, in smooth muscle and nonmuscle cells can exist in two forms, a phosphorylated form and a nonphosphorylated form. The only difference between these forms is that in one case a phosphate group is covalently (but reversibly) linked to a particular serine residue, located on the 20,000-mol wt light chain of myosin (Fig. I) (8) .
Similar to skeletal and cardiac muscle, contractile activity in smooth muscle and nonmuscle cells is initiated by a rise in the calcium concentration from loto 10-5 M. But in smooth and nonmuscle cells calcium binds to the calcium-binding protein, calmodulin, instead of to troponin C. Calmodulin is a relatively lowmolecular-weight (mol wt = 17,000) protein that contains four calcium-binding sites. In this property and in many of its other physical and chemical characteristics it resembles troponin C. However, calmodulin, unlike troponin C, binds to and activates the biological activities of a number of different proteins, many of which are enzymes. One of these enzymes is myosin light chain kinase (MLCK),' which catalyzes the phosphorylation of the particular serine residue alluded to above, which is located on the 20,000-mol wt light chain of myosin. This enzyme is totally inactive unless bound to the calcium-calmodulin complex (9, 10) .
Under certain conditions phosphorylation of myosin may also play an important role in regulating and maintaining myosin filaments. Recent work from a number of laboratories has shown that individual myosin molecules can assume two distinct conformations, folded and extended (11) (12) (13) . Phosphorylation of myosin favors the extended form of the myosin molecule and it has been suggested that phosphorylation may thus contribute to filament formation. Furthermore, phosphorylation of myosin has been shown to stabilize preexisting myosin filaments in the presence of ATP (11, 14) .
MLCK. The enzyme catalyzing the phosphorylation of myosin is substrate specific in that it only catalyzes I Abbreviation used in this paper: MLCK, myosin light chain kinase. the phosphorylation of myosin light chains. Although MLCK requires the calcium-calmodulin complex for activity, it is itself a substrate for the enzyme cyclic (c)AMP-dependent protein kinase that modulates this activity. As Fig. 1 The phosphorylation of myosin kinase by cAMPdependent protein kinase may help to explain the effects of certain hormones on the contractile activity of smooth muscles and nonmuscle cells. Unlike skeletal and cardiac muscle, a rise in cAMP in smooth muscles and nonmuscle cells is often associated with a decrease, rather than an increase, in contractile activity. The relaxation of bronchial smooth muscles following the administration of norepinephrine is an example of this phenomenon. Similarly, treatment of blood platelets with drugs that raise intracellular cAMP results in the inhibition of platelet aggregation and secretion. In both cases it is possible that the mechanism for the decrease in contractile activity might involve the interaction of the hormone with the beta adrenergic receptor on the cell surface, activation of adenylate cyclase with increased production of cAMP, the consequent activation of cAMP-dependent protein kinase and the phosphorylation of MLCK. Since phosphorylation of MLCK decreases its activity, the activity of the phosphatase(s) catalyzing dephosphorylation of smooth muscle myosin would be dominant, and phosphorylated (or activated) myosin would be converted to the dephosphorylated form. The importance of this mechanism for relaxing smooth muscles is not yet established at present, and data for (16) and against (17) its role in modulating smooth muscle relaxation has been published. Recent data show that treatment of intact strips of tracheal smooth muscle with forskolin, a drug known to increase cAMP levels, results in increased phosphorylation of MLCK, both before and after treatment of the muscle with the contractile agonist methacholine (18) . In interpreting such experiments, it is important to bear in mind that activation of cAMP-dependent protein kinase may lead to phosphorylation of a number of proteins, including those involved in controlling the intracellular concentration of calcium.
Other forms of regulation. Other forms of regulation play an important role in modulating the contractile activity of smooth muscle and nonmuscle cells. In contrast to muscle cells, actin in nonmuscle cells exists in at least two forms, filamentous and oligomeric. Formation, cleavage, and modification of actin filaments is one way in which contractile activity can be modified and a number of proteins capable of regulating actinfilament formation have been described (2, 19) .
In smooth muscle cells at least two laboratories have suggested additional forms of regulation involving a separate set of regulatory proteins that interact with actin. One of these is similar in many respects to the troponin-tropomyosin system present in striated muscle and is independent of phosphorylation (20) . The second involves a calmodulin-binding protein, caldesmon, and may work to modify the effects of phosphorylation by myosin kinase (21) . Presently neither of these systems has been defined to the same extent as myosin phosphorylation, and the prevailing opinion favors myosin phosphorylation as the dominant regulatory system in smooth muscle contractile activity. The possibility that smooth muscle myosin might serve as substrate for protein kinases, other than MLCK, has been raised following recent experiments with epidermal growth factor (22) . The growth factor activates a kinase that catalyzes phosphorylation of two tyrosine residues in the isolated light chains of smooth muscle myosin. The calcium-activated phospholipid-dependent kinase, protein kinase C (23), also catalyzes the phosphorylation of myosin on the 20,000-mol wt light chain, but at a serine site that is different than that phosphorylated by MLCK. Interestingly, phosphorylation of myosin by protein kinase C, following phosphorylation by MLCK, results in incorporation of phosphate into both sites and decreases the actin-activated myosin Mg ATPase activity.
Phosphatases. Although a great deal is known about MLCK, relatively little is known about the enzymes responsible for dephosphorylation of myosin and MLCK. One phosphatase that has been purified to apparent homogeneity from turkey gizzard smooth muscle has been shown to be composed of three different subunits (24) . The holoenzyme (165,000 mol wt) is capable of dephosphorylating MLCK, and thereby restoring the ability of MLCK to bind calmodulin with high affinity, thereby restoring its activity. The holoenzyme does not dephosphorylate myosin, but when it is dissociated into its catalytic subunit (38,000 mol wt), it is capable of catalyzing this reaction.
Summary. The reversible phosphorylation of myo-sin appears to play an important role in regulating the contractile activity of smooth muscle and nonmuscle cells. Phosphorylation of myosin has been described in skeletal and cardiac muscle, but in these cells its function appears to be markedly different from that found for smooth muscle and nonmuscle cells. In striated muscles, phosporylation does not play a primary role in regulating contractile activity, but appears to modulate the contractile response by decreasing ATP utilization (25, 26) . The major kinase catalyzing phosphorylation of myosin in smooth muscle and nonmuscle cells is a calcium-calmodulin dependent enzyme, MLCK, which itself can be regulated by phosphorylation by cAMPdependent protein kinase (15, 27) . Recent experiments have suggested that both myosin and MLCK might also be substrates for additional kinases. The significance of these phosphorylations and how they might act to regulate smooth muscle and nonmuscle contractile activity should become evident in the next few years. Understanding how contractile activity is regulated, in turn, could aid efforts to decipher numerous pathological processes such as coronary artery spasm, defects in cell secretion, and uncontrolled cell division.
